Introduction
Flame stabilization by a combustion control system is an important technology for reducing the environmental pollution of a combustor. A lifted diffusion jet flame is used in many actual combustors to reduce NOx because of the better fuel-air mixing upstream of the flame (Fujimori et al., 1998) . Such a flame is unstable due to not being anchored to the burner rim. Recently, burners have been designed for a high turn-down ratio (Kanbayashi, 2011; Morimoto,Hirota, Nakamura and Saito, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) Considering this background, the authors propose a combustion-control system using high-frequency oscillation (ultrasonic waves (20 kHz or more)). This oscillation has high directivity since a plane wave and a standing wave are easily formed. In previous research, Ogawara et al. (2006) used a synthetic jet system driven by a loudspeaker (not using ultrasonic waves; up to 20 kHz) to actively control the lifted-flame height. This system had high directivity but requires a special design from the speaker to the jet exit. A system using ultrasonic waves was used in this research since they can be applied to various burners in simpler systems. Our previous research (Hirota et al., 2009 ) examined the effects of ultrasonic waves on the behavior of a methane-air laminar lifted flame. At that time, we reported evidence of improved stability limits of the lifted flame, achieved by reducing the lifted-flame height and expanding the blow-off limit. At that time, we were not paying attention to the suppression of soot.
In fact, we observed soot (luminous flame as shown in Fig. 1 ) in some conditions at the lifted flame without combustion control. It is a problem that soot is generated even if the flame is lifted in anticipation of reducing emission of NOx and soot. Research on soot has a long history. Schalla and McDonald (1955) measured the soot generation limit of laminar diffusion flame by changing the fuel type, air flow rate, fuel flow rate, pressure, and oxygen ratio. Jones and Rosenfeld (1972) and Roper and Smith (1979) forecasted this soot generation limit based on the Burke-Schumann theory and the reaction model, respectively. Studies of coaxial jet diffusion flames (Tesner et al., 1971; Kent et al., 1981; Kent and Honnery, 1990 ) have revealed a process in which soot is formed on the fuel side close to the flame zone and grows by condensation as it moves along the flow. Furthermore, it has been shown that when turbulence in the flame changes, the diffusion of air into the flame changes and affects the soot production (Schalla and McDonald, 1955; Lee et al., 1962; Wright, 1974) . Therefore, if mixing of the ambient air and the central-stream fuel is promoted and the flame becomes short, the retention time in the flame becomes shorter, and soot generation and growth can be suppressed. For example, Michell and Wright (1969) applied an alternating electric field of 400 Hz in the radial direction to a jet diffusion flame. The flame length decreased with increasing electric field intensity and the flame brightness decreased. In this study, it is expected that there is a similar mechanism involved because the luminous flame was decreased by the ultrasonic wave as seen in Fig. 1 . We would like to investigate the details of the soot reduction mechanism by ultrasonic waves in this report.
Of course we would like to apply the similar mechanism, but it is usually difficult because the flame (in Fig.1 ) is lifted and already unstable. Therefore, our objective of this study is to reduce the soot of the lifted flame without adjusting the fuel-air flow by utilizing ultrasonic waves. In particular, we focus on investigating soot suppression and flame stability over a wide range by varying the fuel injection speed. The frequency of this oscillation is set at 20.27kHz. The amplitude is also set in two impressed voltages, 105V and 124V. The standing wave generated in these conditions is irradiated the unburned jet at the burner exit. Here, we report the relation between the stability limit and the soot reduction of a flame lifted by ultrasonic waves. The amount of soot reduction is measured optically. The mixing degree of the fuel jet core is also measured. From these results, we search for a condition of suppressing the soot of the lifted flame. Hirota, Nakamura and Saito, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) 
Experimental setup and method
Figure 2 schematically illustrates the oscillating system, which is the same as in previous work (Hirota, 2009) . A bolt-clamped Langevin transducer was chosen for the oscillator (BLT in Fig. 2 , Honda Electronics Co. Ltd., HEC-3020P2B), connected to a handmade horn using a stick screw. A sine-wave voltage was applied between the electrodes of the BLT to generate the oscillation. A bipolar power supply (Matsusada Precision Inc., HJPZ-0.3P) was used for the oscillator power supply. A function generator (NF Co. Ltd., DF1906) was used to generate the driving wave. The amplitude and offset were monitored with an oscilloscope (Tektronix Japan Ltd., TDS2022). The oscillating surface was round with a diameter of 15 mm. A reflecting surface, with the same diameter and quality of material as the oscillating surface, was established on the opposite side. The center of the oscillating surface was aligned with that of the reflecting surface. The frequency ( λ u ) was 20.27 kHz, which was near the resonance frequency of this oscillating system. The degree of oscillation was varied by changing impressed voltage. In preliminary experiments, the applied voltage and the SPL had a substantially linear relationship, and when the applied voltage is 160 V, the SPL is maximized. In this study, the applied voltages are 105V and 124V, which are within the linear range. The fixed distance between the oscillating and reflecting surfaces was 30mm. A standing wave of 7λ u 4 can be generated with this distance. These oscillating and reflecting surfaces were established on a manual x-z axis linear stage, so that the position of the combustion control system could be modified. The center axes of the burner and the oscillator crossed at right angles. The height of the center of the oscillator and the reflector was y=7.5mm. We set the center axis of the burner 12.5 mm away from the oscillator surface. The coaxial nozzle burner was also the same as in previous works (Hirota et al., 2007 (Hirota et al., , 2009 , with an inside diameter of 2 mm and an outside diameter of 20 mm. Methane was used for the fuel, and dry air was used as the oxidizer. The Cartesian coordinate system was used, with the origin located at the center of the burner exit (Fig. 2) .
The stability limit of the lifted jet flame was measured by changing the airflow velocity (co-flow: V a ) at a constant fuel velocity (center flow: V f ). The air velocity V a was increased until the blow-off limit was reached. The blow-off limit with oscillation was determined by the air velocity V a that increased with the oscillation until blow-off occurred. The reattached limit was also measured. In this case, the lifted flame was set, and then the air velocity V a was decreased until the flame reattached. The boundary limit of luminous flaming was also measured, using the same method as for the reattached limit.
The amount of soot was measured using the transmitted light attenuation method (Kamimono, 1986; Kontani and Goto, 1986) . A round slice of the cold flow jet (x-z section) was visualized using acetone-Planar Laser Induced Fluorescence (acetone-PLIF) to reveal the degree of mixing upstream of the lifted flame edge. Figure 4 indicates the irradiation direction of the laser sheet in the combustion region. The optics system used for this measurement was the same as in the author's earlier works (Hirota et al., 2007 (Hirota et al., , 2009 , however the direction of the laser sheet was changed to an x-z section. Acetone was added as a tracer of the fuel flow. A previous study (Degardin et al., 2006) showed that if the amount of acetone added is less than 5%, it would not affect the flame structure. We also set the acetone in this range and confirmed beforehand that there was no difference in the stability limit with this condition. The fluorescence luminescence profile of this tracer was measured with a CCD camera. The data in this article was the mean value of 150 samples extracted from the instantaneous images. The average background noise in the images was subtracted from each image in advance.
Results and Discussion

Variation in the flame stabilization limit
Figure 5 plots the blow-off limit of the traditional lifted flame compared with the effect of an ultrasonic wave. Blow-off occurs when V a becomes larger than a blow-off limit displayed circle symbols. The shaded region indicates the improvement of the blow-off limit. At V f ≤ 0.5 m/s, the lifted-flame height is low, so the leading edge of the flame exists in the middle of the range of the vibration region. This condition is ineffective for improving the stabilization limit. The stability of the flame base is improved by changing the concentration gradient of the unburned mixture ahead of the flame using ultrasonic waves. In the present study, when the lifted flame height is low, the initial concentration gradient is not as large as in the previous study (Sugiu, et al., 2016) . Thus the effect of sound did not appear clearly, and stability was not improved. At 0.5 m/s < V f ≤ 3.0 m/s, the blow-off limit with the ultrasonic wave activated in 124V is larger than that of without the ultrasonic wave. It means that the blow-off limit is improved by ultrasonic waves. When the voltage is 105 V, a small improvement occurs only at low V f . At 3.0 m/s < V f , the blow-off limit is not improved. Our experiment range is in laminar (Re < 1190). Since the range of 3.0 m / s < V f , is a laminar flow, it is easy to obtain the effect of ultrasonic waves, but the ultrasonic SPL in this study cannot improve the stability in this range. Figure 6 plots the reattached limit of the lifted flame compared with the effect of an ultrasonic wave. If V a becomes smaller than a reattached limit displayed circle symbols, the lifted flame reattaches to the burner rim. The shaded region indicates on improvement of the reattached limit. At V f ≤ 0.5 m/s, the lifted-flame height is low, so this condition is ineffective in improving the stabilization limit, as explained above. At 0.5 m/s < V f , the reattached limit with the ultrasonic wave activated in 124 V is smaller than that of without ultrasonic wave. It means that the reattachment limit is improved by ultrasonic waves (i.e., that it is difficult to reattach the lifted flame to the burner rim due to the effect of ultrasonic waves). When the voltage is 105 V, the improvement is about half of that at 124 V.
These results indicate that the stability limit is improved by the ultrasonic waves. Generally, flame lifting, not an attached flame, is one way to reduce NOx. When the range of stable lifted flame expands, we consider that the stability has been improved. When the voltage to the transducer is increased, the stability limit is more improved.
Observation of the Luminous Flame and Soot
Figure 7 presents photographs of stable lifted flames taken between the condition of blow-off and reattached limit. In some cases, a luminous flame is formed at the top of the lifted flame as shown in Fig. 7 (a) . When ultrasonic waves are applied to this flame, the luminous part is no longer visible (Fig. 7 (b) ). At this time, the flame is inclined by the ultrasonic wave. The inclination of the fuel jet by the ultrasonic wave was visualized in previous work (Hirota et al., 2009) . We checked the disappearance of this luminous flame visually and defined the conditions under which it occurs as the luminous flame observation limit. Figure 8 plots the luminous flame observation limit at the lifted flame compared with the effect of an ultrasonic wave. If V a becomes larger than the plots, the luminous flame is extinguished. The shaded region indicates an improvement of the luminous flame observation limit. At V f ≤ 0.5 m/s, the lifted-flame height is low, so this condition is ineffective in improving the luminous flame observation limit. At 0.5 m/s < V f ≤ 3.0 m/s, the plot for the ultrasonic wave at 105 V is below the plot that is obtained without ultrasonic wave. It means that the luminous flame observation limit is improved by ultrasonic waves. There was no significant difference when the voltage was 124 V. The luminous flame observation limit does not necessarily improve with higher voltages. Therefore, we have to control the power of the ultrasonic waves to reduce the luminous flame in this condition. At 3.0 m/s < V f , the plot for the ultrasonic wave at 124 V is smaller than that of without the ultrasonic wave. It means that the luminous flame observation limit is improved by ultrasonic waves. There is no difference in the effect caused by the difference in voltage. Thus, we can reduce the luminous portion of the lifted flame with ultrasonic waves in this range. Luminous flame is produced without ultrasonic waves in fuel-flow range where blow-off limits are not improved. (3.0 m/s < V f ). However, even at the flow velocity in this range, the luminous-flame observation limit is improved because there is sufficient mixing to reduce the luminous portion using ultrasonic waves. Since the luminous flame region decreases when an ultrasonic wave is used, it can be predicted that the amount of soot generation decreases as well. We confirmed a reduction in soot, measured using the transmitted light attenuation method. The parallel light source is absorbed and scattered by soot particles. In this case (Kamimoto, 1986; Laser Measurement Handbook, 1993) , the following equation can use by Bouguer-Lamber-Beer law,
where, τ λ is the rate of transmission of light [-] , expressed as the transmitted light intensity correlating over the incident radiation intensity, Q ext is the extinction coefficient [-] , D is the soot particle diameter [m] , N is the number density of the soot [m -3 ], and L is the light-path length of a soot particle group [m] . The total amount of mass of the soot particles per unit volume C s [g/m 3 ] is expressed as,
where, ρ s is the true density of one soot particle. If the diameter of the soot particle is assumed to 50nm or less, it is sufficiently smaller than the wavelength of the light source λ . In this condition, the scattering light is negligibly small in comparison with the absorption, so that Q ext = Q abs , where Q abs is the absorption coefficient. Further, the formula of Rayleigh's dispersion absorption is approximately realized in this condition (Kamimoto, 1986) . Therefore, Q abs is obtained from the solution of the Rayleigh equation．From the equation (1) and this solution, the equation (2) is changed as follows,
In this work, the light source is He-Ne laser ( λ = 632.8 nm), and the light-path length is equal to burner diameter ( L = 0.02 m). The true density of the soot particle ρ s is 1.8 g/cm 3 (Suzuki et al. 2010) . The function f n, k ( ) is calculated using the following equation. 
In this equation, the soot complex refraction index is obtained as m = n − ki . At first, we assumed that n = 1.90 and k = 0.55 (Lee and Tien, 1981) because these values had been adopted in the previous work (Kontani and Goto, 1986) . It was explained that this was appropriate since it is a calculation result from the molecular structure, which is not influenced by the surface of the sample, and also is a value obtained in conditions which are not normal temperatures (at 1000 or 1600 K). There is an example in which m changes with temperature (Charalampopoulos et al., 1989) . The mass concentration of the soot obtained using m that changed with temperature was therefore examined simultaneously. In this case, we chose m to be an average at the same equivalence ratio. We also applied the m obtained in the previous experiment (Kamimoto, 1986) . changes, the results are shifted but maintain the same tendency. Therefore, the effect of the ultrasonic waves does not change qualitatively. This demonstrates that the amount of soot generated in a lifted flame can be reduced more than 30 % by ultrasonic waves.
Difference in cold flow mixing
The reason that the soot is reduced by the ultrasonic wave (shown in Fig. 9 ) is related to the mixing of the fuel flow. In particular, we can predict that the fuel in the middle of the jet is diffused effectively and that there are not high concentration spots of fuel at downstream. In order to confirm this, a cold flow mixing condition was measured with acetone-PLIF. The emission of acetone intensity is related to the fuel concentration (Hirota et al., 2007) . We measured the concentration profile of the jet flow qualitatively. Figure 10 depicts the x-z cross-section profiles of the acetone fluorescence of the cold flow without ultrasonic waves. The measured heights are y = 1 mm, 10 mm, and 45 mm. The fuel jet stream cross-sectional area increases with increasing height. The maximum intensity decreases with increasing height.
In order to examine the degree of fuel diffusion, we compared the maximum fluorescence intensity with and m Fig. 9 Mass concentration of soot measured with the transmitted light attenuation method. The complex refractive index was referred from Kamimoto (1986) , Lee and Tien (1981) and Charalampopoulos et al. (1989) .
Hirota, Nakamura and Saito, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) without an ultrasonic wave. Each maximum value ( I max ) is normalized by the maximum value at y = 0 mm ( I max,y=0 ).
The upper part of Fig. 11 plots the maximum luminous intensity of the acetone fluorescence with changes in height. The position at < 15 mm is the area where the ultrasonic wave acts. The maximum luminous intensity with ultrasonic waves is less than that without ultrasonic waves.
The lower part of Fig. 11 plots the degree of jet stream diffusion by the ultrasonic waves. The fluorescence intensity with ultrasonic waves ( I max,ultrasonic ) was normalized by that without ultrasonic waves ( I max,w/o _ ultrasonic ). The fuel flow is primarily mixed until y = 15 mm and is also mixed gradually in the downstream flow. The mixing is thus promoted by ultrasonic waves. Specifically, when ultrasonic waves act on the lifted flame, the middle of the fuel flow mixes faster and, as a result, the generation of soot is reduced. If the concentration fluctuates largely in the time series and the fuel concentration is extremely dense locally, the soot concentration should increase. However, in our experiments, the soot concentration decreased. Therefore, these time-averaged data are reasonable.
Conclusions
The stability and soot control of a methane-air laminar lifted flame excited by 20 kHz high-frequency oscillations (ultrasonic waves) with a standing wave created by a bolt-clamped Langevin transducer were observed experimentally. When this wave was irradiated with high amplitude on the unburned jet at the burner exit, there was an appropriate range in which stability limit improvement and soot reduction can be compatible. The following conclusions were drawn. 1. The range of flow rates that can stabilize a lifted flame is expanded with ultrasonic waves. In the range of V f < 3 m/s, the blow off limit and the reattached limit are both extended. However, the soot is not reduced in this range. In the range of V f > 3 m/s, the blow-off limit is not expanded, but the soot is reduced by the ultrasonic wave. 2. When V f = 4 m/s, the amount of soot generated will be reduced more than 30 % by the ultrasonic wave. This trend also can be found qualitatively from the luminous portion of the lifted flame. 3. The above response is caused by changes in the mixing condition of the fuel jet. When ultrasonic waves are used, the middle of the fuel jet diffuses efficiently. Therefore, the oxidizer becomes more sufficient, and the soot is decreased y Fig. 10 Examples of acetone fluorescence profile of cold-jet without ultrasonic wave at x-z cross-section measured with acetone-PLIF Fig. 11 Maximum luminous intensity of acetone-PLIF at cold-jet core Hirota, Nakamura and Saito, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) effectively.
